Currently, thirty-one rubidium, thirty-five strontium, thirty-five molybdenum and thirty-eight rhodium isotopes have been observed and the discovery of these isotopes is discussed here. For each isotope a brief synopsis of the first refereed publication, including the production and identification method, is presented.
Introduction
The discovery of rubidium, strontium, molybdenum, and rhodium isotopes is discussed as part of the series summarizing the discovery of isotopes, beginning with the cerium isotopes in 2009 [1] . Guidelines for assigning credit for discovery are (1) clear identification, either through decay-curves and relationships to other known isotopes, particle or γ-ray spectra, or unique mass and Z-identification, and (2) publication of the discovery in a refereed journal. The authors and year of the first publication, the laboratory where the isotopes were produced as well as the production and identification methods are discussed. When appropriate, references to conference proceedings, internal reports, and theses are included. When a discovery includes a half-life measurement the measured value is compared to the currently adopted value taken from the NUBASE evaluation [2] which is based on the ENSDF database [3] . In cases where the reported half-life differed significantly from the adopted half-life (up to approximately a factor of two), we searched the subsequent literature for indications that the measurement was erroneous. If that was not the case we credited the authors with the discovery in spite of the inaccurate half-life.
The first criterion is not clear cut and in many instances debatable. Within the scope of the present project it is not possible to scrutinize each paper for the accuracy of the experimental data as is done for the discovery of elements [4] . In some cases an initial tentative assignment is not specifically confirmed in later papers and the first assignment is tacitly accepted by the community. The readers are encouraged to contact the authors if they disagree with an assignment because they are aware of an earlier paper or if they found evidence that the data of the chosen paper were incorrect.
Measurements of half-lives of a given element without mass identification are not accepted. This affects mostly isotopes first observed in fission where decay curves of chemically separated elements were measured without the capability to determine their mass. Also the four-parameter measurements (see, for example, Ref. [5] ) were, in general, not considered because the mass identification was only ±1 mass unit.
The second criterion affects especially the isotopes studied within the Manhattan Project. Although an overview of the results was published in 1946 [6] , most of the papers were only published in the Plutonium Project Records of the Manhattan Project Technical Series, Vol. 9A, Radiochemistry and the Fission Products," in three books by Wiley in 1951 [7] . We considered this first unclassified publication to be equivalent to a refereed paper. Good examples why publications in conference proceedings should not be considered are 118 Tc and 120 Ru which had been reported as being discovered in a conference proceeding [8] but not in the subsequent refereed publication [9] . For almost simultaneous reports of discovery credit is given to the paper with the earlier submission date. In these instances the later papers are also mentioned.
The initial literature search was performed using the databases ENSDF [3] and NSR [10] of the National Nuclear Data Center at Brookhaven National Laboratory. These databases are complete and reliable back to the early 1960's.
For earlier references, several editions of the Table of Isotopes were used [11] [12] [13] [14] [15] [16] . A good reference for the discovery of the stable isotopes was the second edition of Aston's book "Mass Spectra and Isotopes" [17] .
Discovery of 73−103 Rb
Thirty-one rubidium isotopes from A = 73-103 have been discovered so far; these include 2 stable, 12 neutrondeficient and 17 neutron-rich isotopes. According to the HFB-14 model [18] , 118 Rb should be the last odd-odd particle stable neutron-rich nucleus while the odd-even particle stable neutron-rich nuclei should continue through 127 Rb. The proton dripline has been reached at 74 Rb because of the non-observance of 73 Rb [19, 20] . A proton-unbound excited state has been observed in 73 Rb [21] . 70 Rb, 71 Rb, and 72 Rb could still have half-lives longer than 10 −9 ns [22] . About 23 isotopes have yet to be discovered corresponding to 43% of all possible rubidium isotopes.
Figure 1 summarizes the year of first discovery for all strontium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive strontium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), neutron induced fission (NF), chargedparticle induced fission (CPF), spallation reactions (SP), and projectile fragmentation or fission (PF). The stable isotopes were identified using mass spectroscopy (MS). Light particles also include neutrons produced by accelerators. In the following, the discovery of each rubidium isotope is discussed in detail. 77 Rb in "Isobars from the spallation reaction for nuclear spectroscopy" [27] . A zirconiumniobium alloy target was bombarded with 660 MeV protons from the Dubna synchrocyclotron. 77 Rb was separated with an electromagnetic isotope separator attached to a surface ionization ion source and identified by measuring β-and γ-ray activities with the YASNAPP facility. "When the zirconium-niobium target was treated as described above a new β-activity on the mass position A=77 with half-life T 1/2 = 3.9±0.1 min has been discovered." This half-life agrees with the presently accepted value of 3.77(4) min. About a year earlier Velandia et al. reported a half-life of 6.1(5) min [28] , however, these results were discredited by de Boer et al. only a month after the paper by Arlt et al.: "The most embarrassing point is that a 146.5 keV gamma ray which according to Borchert [29] should be 31 times stronger than the 106.2 keV gamma ray, is not seen by Velandia et al." [30] . Also, a previously reported half-life of 2. The discovery of stable 85 Rb was reported by Aston in his 1921 paper "The constitution of the alkali metals" [42] .
The positive anode ray method was used to identify 85 longer than 10 −21 s [22] . Thus, about 23 isotopes have yet to be discovered corresponding to 40% of all possible strontium isotopes. Figure 2 summarizes the year of first discovery for all strontium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive strontium isotopes were produced using fusion-evaporation reactions (FE), light-particle reactions (LP), neutron (NF) and charged-particle induced (CPF) fission, and projectile fragmentation or projectile fission (PF). The stable isotopes were identified using mass spectroscopy (MS). Light particles also include neutrons produced by accelerators. The discovery of each strontium isotope is discussed in detail and a summary is presented in Table 1 .
73 Sr
In the 1993 publication "Beta-delayed proton decay of 84 Sr in "Isotopic constitution of strontium, barium, and indium" [76] . The mass spectrographic study of strontium was performed at Princeton University by heating strontium oxide from a tungsten filament. "In the case of strontium, a peak was observed at mass 84 whose height corresponded to 0.5 percent of the total strontium emission. The masses of the known isotopes of strontium are all greater than 84 so the possibility is excluded that the effect is due to a strontium compound. Since the only known isotope of mass 84
belongs to krypton and the other krypton isotopes do not appear, we believe that this peak is due to a new isotope of strontium."
85 Sr
The first observation of 85 Sr was documented by DuBridge and Marshall in their paper 1940 paper entitled "Radioactive isotopes of Sr, Y, and Zr" [77] . Rubidium targets were bombarded with 6. [78] . The mass spectra were measured at the Cavendish Laboratory in Cambridge, UK: "Experiments with strontium have been repeated under better conditions. The conclusion that it consists almost entirely of atoms of mass number 88
has been confirmed, but the greater sharpness of the mass spectra has now revealed two points which explain to some extent the low value 87.62 assigned to its chemical atomic weight. In the first place, a very faint constituent at 86 has been discovered which appears to be present to the extent of 3 or 4 percent."
87 Sr
Stable 87 Sr was reported by Aston in his 1931 letter "New isotopes of strontium and barium" [79] . The mass spectra were measured at the Cavendish Laboratory in Cambridge, UK: "Application of high resolution to accelerated anode rays has now provided improved mass spectra of these two elements. Strontium shows a third isotope 87 in addition to those already observed."
88 Sr
The first stable strontium isotope was discovered in 1923 by Aston in "Further determinations of the constitution of the elements by the method of accelerated anode rays" [80] . The isotope was identified by its mass spectra recorded at the Cavendish Laboratory in Cambridge, UK. "The mass spectrum of strontium shows one line only, at 88. This was obtained in considerable intensity. If any other constituents exist they must be present in very small quantities, so that it is practically certain that the chemical atomic weight 87.63 at present in use is too low."
89 Sr
Stewart et al. discovered 89 Sr, which was reported in the 1937 publication "Induced radioactivity in strontium and yttrium" [48] . Deuterons of 6.3 MeV from the University of Michigan cyclotron bombarded strontium targets to produce the new isotope. Decay curves were recorded with a Lauritsen type electroscope or a Wulf string electrometer following chemical separation. "From deuteron bombardment of strontium, two definitive negative-active periods were obtained.
These were found in every strontium precipitate, and were found to have half-lives of 3.0±0.1 hours and 55±5 days." The second half-life agrees with the currently accepted value of 50.53 (7) [58] . Fission fragments from the bombardment of 50 MeV protons on 238 U at the Grenoble cyclotron were studied.
Beta-particles were measured at the end of an on-line mass spectrometer. "At mass 98 only case (i) will account for the observed ratio and we are led to assign the observed 0.845 second activity to 98 Sr." This measurement is close to the accepted value of 0.653(2) s.
3.24.
99 Sr
The first observation of 99 Figure 3 summarizes the year of first discovery for all molybdenum isotopes identified by the method of discovery.
The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive molybdenum isotopes were produced using fusion-evaporation reactions (FE), light-particle reactions (LP), neutron (NF) and chargedparticle induced (CPF) fission, and projectile fragmentation or projectile fission (PF). The stable isotopes were identified using mass spectroscopy (MS). Light particles also include neutrons produced by accelerators. The discovery of each molybdenum isotope is discussed in detail and a summary is presented in Table 1 . 
4.1.

4.3.
Mo
The discovery of 85 Mo is credited to Yennello et al. with their 1992 paper "New nuclei along the proton-drip line near Z = 40," [20] . At the National Superconducting Cyclotron Laboratory at Michigan State University, a 70 MeV/A 92 Mo beam was produced by the K1200 cyclotron and impinged on a 58 Ni target. 85 Mo was identified with the A1200 fragment analyzer by measuring the time-of-flight and energy loss of the fragments. "The mass spectra for residues with Z from 39 to 44 are shown in [the figure] with the new isotopes marked by arrows. were produced using neutron capture (NC), light-particle reactions (LP), spontaneous (SF), neutron induced (NF) and charged-particle induced (CPF) fission, spallation reactions (SP), and projectile fragmentation or projectile fission (PF).
The stable isotopes were identified using mass spectroscopy (MS). Light particles also include neutrons produced by accelerators. The discovery of each rhodium isotope is discussed in detail and a summary is presented in Table 1 . to be 35±10 minutes." In the earlier paper mentioned in the quote a half-life of 31 min was measured but a firm mass assignment was not possible [135] . This half-life agrees with the presently accepted value of 30.7(6) min. Previously a 32 min half-life was reported in a conference abstract without a mass assignment [136] .
The identification of 98 Rh was also a confirmation of an earlier uncertain mass assignment: "When we observed that the palladium mother isotope of the 9-minute rhodium had a half-life of 15 minutes we suggested the mass number 98 and 96 for these nuclei. We have since found by means of milking experiments that the palladium-mother of the 9-minutes rhodium can also be obtained from ruthenium irradiated with 24 MeV helium ions, which rules out the mass number 96, as the latter can only be formed by an (α,4n) process. Therefore it seems likely that the 9-minutes period is due to 98 Rh and its 17-minutes mother to 98 Pd." This half-life agrees with the presently adopted value of 3.6(2) min for an isomeric state. The authors had discussed this half-life in two previous papers without a firm mass assignment [135, 137] . Rh was discovered by Aston in "Constitution of hafnium and other elements" in 1934 [141] . The stable isotope was identified with an anode discharge tube installed at the Cavendish Laboratory mass spectrograph. "Rhodium gave the feeblest effect of any element yet analysed; only one line, that expected at 103, could be clearly detected."
104 Rh
The credit for the discovery of 104 Rh is given to Crittenden for the 1939 paper "The beta-ray spectra of Mg 27 , Cu A natural palladium and enriched 110 Pd sample was irradiated with 14-15 MeV neutrons from the University of Arkansas neutron generator. The resulting activity was measured with two NaI(Tl) detectors. "As expected, a fast decaying 375±5 keV gamma was found from an irradiated natural palladium metal sample, and since the intensity of this gamma was strongly increased when a 91.4% enriched Pd 110 sample was bombarded, it is clear that the new activity must be due to a Pd 110 +n reaction product. By following the 375 keV gamma photopeak area in many consecutive spectra the gamma was found to decay with a half-life of approximately 5 sec." This half-life is consistent with the presently adopted value of 3.2(2)s.
111 Rh
The first identification of 111 Rh was described by Franz and Herrmann in 1975 in "Identification of short-lived neutron-rich ruthenium and rhodium isotopes in fission" [161] . Thermal neutrons from the Mainz reactor irradiated 239 Pu and 249 Cf targets. Gamma-ray singles and coincidence spectra were recorded with two Ge(Li) detectors following chemical separation. "We observed the growth and decay of a 275.3 keV γ-ray peak which we attribute to the 11±1 sec 111 Rh daughter of 111 Ru." This half-life corresponds to the currently accepted value which was reported by Franz and
Herrmann three years later [162] confirming the first observation.
112 Rh
In the 1972 paper "Further measurements of gamma transitions in spontaneous-fission fragments of 252 Cf," Hopkins et al. reported the observation of 112 Rh [158] . Fission fragments from the spontaneous fission of 252 Cf were measured in coincidence with X-rays and low-energy γ-rays. In a table the energy (60.5 keV) of an excited state was identified. This value is mentioned in the ENSDF database but the level has not been placed in the level scheme [3] .
113 Rh
In the 1971 paper "Low-energy transitions from the deexcitation of spontaneous fission fragments of 252 Cf," Hopkins et al. reported the observation of 113 Rh [163] . Fission fragments from the spontaneous fission of 252 Cf were measured in coincidence with X-rays and low-energy γ-rays. In a table the energy (212.3 keV) of the first excited state was identified correctly. This energy had also been reported earlier [5] , however, no specific element assignment was made. This state (211.72 keV) is included in the level scheme accepted by ENSDF [3] .
5.20.
fission products in projectile-fission of 750·AMeV 238 U" [9] . The experiment was performed using projectile fission of 238 U at 750 MeV/nucleon on a beryllium target at GSI in Germany. "Fission fragments were separated using the fragment separator FRS tuned in an achromatic mode and identified by event-by-event measurements of ∆E-Bρ-ToF and trajectory." During the experiment, five counts for 122 Rh were recorded. 
Summary
The discoveries of the known rubidium, strontium, molybdenum, and rhodium isotopes have been compiled and the methods of their production discussed. Compared to other elements in this mass region the discovery of the isotopes was fairly straightforward. Table 1 
